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Abstract: Resource-efficient precast concrete elements can be produced using high-performance
concrete (HPC). A heat treatment accelerates hardening and thus enables early stripping. To minimise
damages to the concrete structure, treatment time and temperature are regulated. This leads to tem-
perature treatment times of more than 24 h, what seems too long for quick serial production (flow
production) of HPC. To overcome this shortcoming and to accelerate production speed, the heat
treatment is started here immediately after concreting. This in turn influences the shrinkage behaviour
and the concrete strength. Therefore, shrinkage is investigated on prisms made from HPC with and
without steel fibres, as well as on short beams with reinforcement ratios of 1.8% and 3.1%. Further-
more, the flexural and compressive strengths of the prisms are measured directly after heating and
later on after 28 d. The specimens are heat-treated between 1 and 24 h at 80 °C and a relative humidity
of 60%. Specimens without heating serve for reference. The results show that the shrinkage strain is
pronouncedly reduced with increasing temperature duration and rebar ratio. Moreover, the compres-
sive and flexural strength decrease with decreasing temperature duration, whereby the loss of
strength can be compensated by adding steel fibres.

Keywords: heat treatment; high-performance concrete; shrinkage; compressive strength; rapid flow
production

1. Introduction

Constructions with precast concrete elements like trusses, walls, tunnel lining seg-
ments [1], or beams (modules) made of high-performance concrete (HPC) [2,3] with a
compressive strength between 55 and 100 MPa have been found to be advantageous com-
pared to conventional cast-in place members. Elements are prefabricated independently
of weather conditions and in a time-saving manner. Due to the high load-bearing capacity
of HPC, filigree and slender elements arise. Their durability increases due to the dense
pore structure of HPC [4]. The precast elements are assembled on-site via dry joints,
bolted connections or socket joints, for example, so that construction times are shortened,
and costs are reduced [5]. Since there are no tolerance compensating joints due to a direct
force transmission, fast installation depends essentially on the shape stability of the concrete
elements [6].

The main, load-independent deformations of concrete result from shrinkage, which
is divided into drying, chemical, autogenous, and plastic shrinkage. Plastic shrinkage occurs
in fresh concrete during hydration due to evaporation [7]. The capillary forces that arise
during evaporation cause a volume change [8]. In drying shrinkage, the volume change
is caused by the evaporation of the free pore water from the concrete matrix due to the
low external ambient humidity [9].
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In autogenous shrinkage, the volume change is caused by the loss of free water in the
concrete matrix due to hydration [7]. The hydration products require a lower volume frac-
tion (chemical shrinkage) [10]. The combination of chemical and autogenous shrinkage
(basic shrinkage) governs the overall shrinkage extent of HPC due to the fine pore structure
and the low water-binder (w/b) ratios.

Next to the w/b ratios [11,12], basic shrinkage also depends on the aggregates [13],
the supplementary cementitious material, and the steel fibres. For example, blast furnace
slag exhibits a finer pore structure than ordinary Portland cement and increases the
shrinkage strain [13,14]. Steel fibres reduce the basic shrinkage through their volume frac-
tion and shape [15]. The higher Young’s modulus supports the crystal grating of the
clinker phases [13]. Furthermore, calcium hydroxide crystals grow on the surface of the
fibres, what loosens the structure of the concrete matrix [13]. Moreover, the contact zone
between concrete and fibres shows lower amounts of clinker, which increases the porosity
[16]. This facilitates moisture penetration and affects drying shrinkage. Then increased
strains due to drying shrinkage are observed, since the steel fibres, among other aspects,
connect the pores in the concrete and lead to increased water diffusion [17].

Heat treatment anticipates significant amounts of the basic shrinkage, since the cement
largely hydrates already during the treatment [18]. The specific influences on shrinkage
depend on many factors such as the concrete’s composition [12] and can vary greatly [19].
In general, shrinkage is assumed to be almost completed after heat treatment [20].

In addition, heat treatment is used to accelerate the development of early strength
and thus shortens the curing time and reduces the production cycle of precast concrete.
Compared to concrete without heat treatment, the long-term strength is reduced by in-
creased temperatures. This results from micro-damages due to the different thermal expan-
sion coefficients of the hardened cement paste, the aggregates, and air pores [21]. It increases
with the duration of heating [22]. Structural damage can occur due to shrinkage cracks
[23] and internal stresses as a result of heat treatment [24]. Moreover, the durability of the
concrete can be impaired by the formation of secondary ettringite [25]. To limit that disad-
vantage, heat treatment follows a strict schedule. It consists of a pre-storage and a heating
phase, followed by a dwell and a cooling phase [25]. Ettringite decomposition happens at
temperatures around 70 °C [26], so that the maximum temperature of heating according
to Deutscher Ausschuss fiir Stahlbeton (DAfStb) guideline and American Concrete Institute
(ACI) guideline [25,27] is limited between 60 to 80 °C. Whereby 80 °C is only used for
permanently dry precast concrete elements. After concreting, a pre-storage time of 3 to 5
h is planned to ensure sufficient tensile strength against microcracks. For the same reason,
the heating and cooling rates are limited between 20 to 33 K/h [25,27]. Despite the
measures described above, the compressive strength is reduced up to 18% and the flexural
strength up to 30% as a result of heat treatment [28]. Thus, the overall duration of heat
treatment usually takes between 17 and 33 h.

For HPC, the requirements of heat treatment are similar to those of ordinary concrete.
According to [29], heating temperatures between 70 °C and 90 °C are suggested for ultra-
high-performance concrete (UHPC) with durations of 48 h and an additional one-day pre-
storage period. In [30], UHPC is heat-treated between 90 and 200 °C for 78 h and at least
one-day pre-storage. With the same pre-storage time, dwell times between 1 and 4 d at 60
°C and between 12 h and 48 h at 80 °C are proposed in [22].

An increased compressive strength due to heat treatment is achieved in [22,29,30] for
UHPC with silica dust. Addition of silica enables further pozzolanic reactions that lead to
formation of additional calcium silicate hydrates (C-S—-H). Thus, the silica dust densifies
the pore structure and reseals occurring microcracks [4]. The compressive strength can be
further increased by activating the non-hydrated binder in post-treatment, e.g., by water
storage [20]. Alternatively, steel fibres counteract strength reductions by absorbing tensile
stresses and preventing the growth of microcracks [4,15,31]. The benefit of fibres on the
compressive and flexural strength mainly depends on the shape, the dosage, and their
orientation [32-34]. Microfibres [35], in particular, can be used with higher volume fractions
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and distribute more evenly than macrofibres with hooked ends in the concrete matrix
[15,17].

In this article, the shrinkage behaviour and strength development of rapidly heat-
treated HPC with and without steel fibres [36] and with reinforcing bars is experimentally
investigated. Both the heating rate and pre-storage time are unlimited. The paper starts
from the experimental campaign of small-scale samples in which heating time, fibre addi-
tions, and rebar amounts are varied. Shrinkage is isolated from thermal strains. Finally,
strength values are provided and discussed relative to those of reference samples without
heat treatment.

2. Materials and Methods

The investigations aim to empirically determine the shrinkage strain & and the com-
pressive and flexural strengths regarding the temperature duration T. The measurements
are performed on prisms (L x W x H =16 x 4 x 4 [cm]) without steel fibres and a steel fibre
amount of V =150 kg/m? (1.9 Vol.-%). For comparison, beams with a fibre amount of 150
kg/m? and reinforcement ratios of 1.8% and 3.1% are investigated, too. They serve to check
the influence of rebars on the shrinkage strain. The reinforcement ratios reflect diameters
of 6 mm and 8 mm, respectively. To ensure sufficient anchorage length, the length of the
associated beams L has been increased to 40 cm. An HPC based on the binder Nanodur®
Compound 5941 [37] is used for all specimens. The mixture is listed in Table 1.

Table 1. Concrete mix of high-performance concrete.

Component Type Mass [kg/m?]
River sand 0/2 426.0
Crushed stone basalt 1/3 882.0
Binder Nanodur® Compound 5941 1042.0
Water - 159.8
Superplasticizer Master Glenium ACE 430 12.3
Shrinkage reducer Eclipse Floor 8.0
Hardening accelerator Master X-Seed 100 12.3
Steel fibres d/l=0.19/13 [mm] 0/150.0

Directly after concreting, the prisms and the beams are subjected to heat treatment at
80 °C and 60% relative humidity. Short temperature durations of T =1, 2, 4, 6] h, but also
long durations of T =24 h are investigated. Thereby, the temperature duration T includes
the heating phase and the dwell time. Specimens without heat treatment (T = 0 h) serve
for reference. After heat treatment, the test specimens—six per duration and type—are
stripped and stored at 20 °C and 65% relative humidity for up to 90 days.

For each T, six beams and prisms are made independently of the rebar ratios p and
steel fibre amount V. The series comprises 72 prisms and beams in total including the
references. Table 2 lists all and provides the number of tested specimens in each case at
the given concrete age after heating depending on the total number of samples. In parallel,
12 prisms with and without steel fibres for T = 2-24 h are made to determine the short-term
mechanical properties. In total, this sums to 48 prisms without reinforcement, 120 with
microfibres (incl. beams) and 72 beams with rebar and fibres.
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Table 2. Summary of performed tests and ratio of the tested and the total number of samples, denoted by tested/total

number of prisms/beams.

Test Specimens

Experimental Set-Ups Concrete Age Prisms Prisms Beams Beams
t V=0kg/m® V=150kg/m®* p=18% p=3.1%

Temperature measurement <1d 6/36 6/36 - -

Shrinkage <28d 36/36 36/36 36/36 36/36

>28 d 18/36 18/36 36/36 36/36
Compressive strength ~0h 12/12 12/12 ) )
28d 18/36 18/36 - -
~0h 12/12 12/12 - -
Flexural strength 8 d 18/36 18/36 i i

2.1. Temperature Measurement

Due to heating, temperature strains occur that superimpose with the shrinkage
strains. Therefore, the temperatures at the core and at the surface of selected prisms are
measured. Figure 1 shows the test set-up for the temperature measurement. A heat sensor
is embedded at the core of the prism for each temperature duration T and fibre amount V,
to measure the core temperature 9m (section: A-A-A-A). After stripping, another sensor is
glued on the face to measure the surface temperature 9w during cooling (Figure 1, Detail:
A).

Heat sensor S View: A-A-A-A

g 1

EERE RS

Detail: A

Figure 1. Experimental set-up for the temperature measurement.

2.2. Shrinkage Measurement

Shrinkage deformation is determined daily up to day 28 and then weekly up to day
90. A stress-measuring extensometer type “Pfender” (TESTING Bluhm & Feuerherdt
GmbH, Berlin, Germany) with an accuracy of up to 1 um is used. Figure 2 shows the exper-
imental set-up of the measurement for the samples. For both, markers with an initial
length of 100 mm were glued on the specimens directly after heat treatment. For the
prisms, two measuring sections are provided on the upper [ and lower side /i (section: A-
A-A-A). To measure shrinkage strains representative for the entire length of the beams,
the central measuring sections /a.. and /. are supplemented by two more sections with the
lengths Is.. and Is;i (cf. section: C-C-C-C). The alteration of length in the individual sections is
evaluated according to [38]. The mean over all sections of a sample yields the length R at
concrete age t. The first is the zero measurement Ro at time fo". The shrinkage strain e at
time ¢ is calculated to:

Al Rt—R,
Eest = T = %- (1)
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Figure 2. Experimental set-up for the shrinkage measurement.

2.3. Strength Measurement

Compressive and flexural strength is derived from prism tests. After 28 days, flexural
fet1284 [39] and compressive strength fem284 [40] are determined from three prisms for each
T and V. For the short-term strength, an additional series of three prisms with and without
fibres is used (cf. Table 2). The flexural fuf,0d4 and compressive strength femod are measured
directly after heat treatment.

3. Results
3.1. Results of the Temperature Measurement

The core temperature 9m of the prisms during heat treatment is recorded and evalu-
ated. Figure 3 shows a nonlinear increase and decrease of 9m as well as a constant plateau
during the dwell time. For comparison, the temperature curves of the prisms with (V =
150 kg/m?®) and without (V = 0 kg/m?3) fibres are shown for annealing times of T=1, 2, 4, 6,
and 24 h along with the achieved maximum core temperatures 9mmax and the shortest heat
treatment times according to DAfStb guideline [25]. The prism without steel fibres and a
treatment time of T = 1 h broke during the measurement. Thus, Figure 3 just shows the
prisms with steel fibres for T =1 h. The essential differences are the elimination of the pre-
storage times and the faster heating rate Ra. The investigated heat treatment including the
cooling phase is accelerated up to 86.8% (T =1 h) and 67.2% (T = 6 h) in comparison.
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Figure 3. Core temperature 9m of the prisms with and without fibres as well as the annealing regime
according to [25].

The average heating rate Ra is calculated to

Ym,max—Y

Here, 9mmax represents the maximum core temperature, Jo the initial temperature of
20 to 23 °C and ta the time until the maximum core temperature is reached. Based on the
measured core temperatures of the prisms without fibres, heating rates of Ra =[45.9, 24.9,
15.9,16.4, 16.3] K/h and Ra = [47.1, 25.5, 15.6, 16.5, 16.6] K/h with fibres for T =1, 2, 4, 6,
24] h are achieved.

It must be noted that for a temperature duration of T=1h (Smmax=69.28 °C) and T =2
h (Smmax = 72.92 °C) the intended temperature of 80 °C in the core was not reached. 9m
rises linearly for all samples to approx. 70 °C and then nonlinearly to Smmax. The linear
increase results from the free water in the concrete matrix that significantly influences the
moisture-dependent thermal properties such as thermal conductivity and heat capacity
[41]. The nonlinear increase results from hydration and binding of free water and reduces
the heat capacity up to 15% and the thermal conductivity in the course of hydration by
10% [42]. The temperature profile of the prisms with and without fibres differs marginally.
This is attributed to the low impact of steel fibres on the thermal properties of concrete
[43,44]. Hence, to limit the heating rates, temperature durations of T> 2 h are recommended
for the heat treatment presented here.

3.2. Shrinkage

The measured strains are superimposed contributions from shrinkage and tempera-
ture due to heat treatment (Figure 4). Plastic shrinkage (p. s.) starts when mixing the concrete
at time tmix and ends when hardened at to. From to onwards, the volume reduction causes
basic shrinkage or drying shrinkage &c. Both are caused by chemical or physical processes
in the hardened pore structure of the concrete. The determination of to, e.g., by the Vikat
method [45], is not possible during heat treatment. The shrinkage strains after heating ec"
are determined from the time t" when the measuring marks are attached. Thereby, the
plastic shrinkage as well as shares of autogenous and drying shrinkage are not measurable
(n. m.).
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Figure 4. Temperature et and shrinkage strains e during heat treatment.

Figures 5 and 6 illustrate the measured total strains ewt over time. They are shown for
both, prisms (Figure 5) and beams (Figure 6), as a function of the treatment time T with
respect to fibre amount V and for beams also with respect to the rebar ratio p. In general,
ctot increases strongly in the first days and seems to converge for both, prisms and beams,
within 90 days. Additionally, the corresponding means and standard deviations are plotted
as error-bars. The measured values of all samples scatter significantly due to the different
initial temperature strains. The average standard deviations o of the prisms are o = [0.046,
0.049, 0.045, 0.024, 0.073, 0.131] o = [0.032, 0.059, 0.019, 0.069, 0.039, 0.077] mm/m and
mm/m for T=[0, 1, 2, 4, 6, 24] with and without fibres. 0 unsystematically scatters. However,
it tends to increase with T. Furthermore, o is not constant over the time and increases
abruptly for > 28 d (see Figure 5a,e,f).

In general, the unsystematic scatter can be explained by superposed measurement
inaccuracies from material properties and slightly changing storage conditions [46].

The discontinuity at t* = 28 d in Figure 5 for the prisms arises from a jump in the
number of samples. After 28 days, three out of six samples are used for the strength tests
so that only three samples remain for the strain campaign (cf. Table 2).

The standard deviations for the beams are ¢ =[0.019, 0.044, 0.033, 0.123, 0.015, 0.018]
mm/m (p = 1.8%) and ¢ = [0.013; 0.005; 0.013; 0.021; 0.023, 0.028] mm/m (p = 3.1%) for T =
[0; 1; 2; 4; 6; 24]. Only the beams with p = 3.1% show a systematic influence on ¢ that
increases with increasing annealing time. The standard deviation of the beams decreases
with an increasing rebar ratio and it is lower compared to the prisms with fibres. As the
portion of (almost) deterministic materials, namely the reinforcement, increases, the resid-
ual portion of scattering material properties of the concrete decreases and, consequently,
also the overall standard deviation does.
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Figure 5. Total strain ¢t of the prisms as a function of fibre amount Vfor T=0h (a), T=1h(b), T=2h(c), T=4h(d), T=
6h (e) and T=24h (f).



Materials 2021, 14, 4102

9 of 21

0.1

——p=18%
—4—p=3.1%

€tot [%]

0.1

——p=18%
—A—p=31%

€tot [%]

-0.4 -0.4
0 20 40 60 80 t[d] 0 20 40 60 80 t[d]
(@) T =0h (b)T =1h
o ——p =1.8% L ——p = 1.8%
mm p=1.07% mm p=1.07%
ftot[m] A p=31% 6tot[m] P
0
-0.1
‘ | S -y
—02
-03 &,
0.4 3& e i
0 20 40 60 80 t*[d] 0 20
() T'=2h
0.1 0.1
(!l[m] +p=1.8°/o mm
ot L'm A p=31% €ot [T']
0
~0.1
0.2
-0.3 ; - 03
4 ﬁ”’?‘#ﬂﬁ—errf?
—0.4 = 2 —0.4
0 20 40 60 80 t[d] 0 20 40 60 80 t[d]
(e) T =6h (f) T = 24h

Figure 6. Total strain ¢t of the beams as a function of rebar ratio p for T=0h (a), T=1h(b), T=2h (c), T=4h(d), T=6h
(e) and T =24 h (f).

Consideration of the initial temperature strain et

To determine the residual shrinkage strain after heat treatment ¢c', the temperature
strain et according to Equation (3) is subtracted from the total strain €tot.

ees(0, 1) = €t (9, t) — €r(Feg, to) ®)
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The mean temperature of the samples ¥ is approximated using the Finite Element
Method (FEM) [47]. The discretisation of the prisms in the program system ANSYS
(2020 R2) [48] is done by eight nodes volume elements with trilinear shape functions. The
reinforced bars are discretised according to [49].

Asboundary conditions, the temperature © in the specimen at time t=0 h is set constant
to the initial temperature 9o, according to Equation (4).

9(h,t =0) =9, 4)

The heat transfer to the environment is simplified as free convection according to

Equation (5) with the specimen temperature ¥ at the edge of the component geometry.
- 6_19= —a[9, —9(h = B/2,t)] ®)
oh

The distance of the symmetry axis to the component edge corresponds to half the
component width B. Figure 7 shows the numerical model for the thermal analysis of the
beams. For this purpose, beam quarters exploiting the symmetry boundary conditions in
the central axes with o = 0 W/(m? K) (insulated boundary) are used. The sections A-A-
A-A and B-B-B-B represent the ambient temperature 9~ and the heat transfer coefficient «
as boundary conditions for the beam surfaces. Furthermore, section B-B-B-B shows the
reinforcement elements (EL1) incorporated in the concrete, which are connected to the
concrete elements (EL2) via the coupling conditions according to Equations (6) and (7), so
that 9 and the heat flux ¢, at the element transition at time f are the same. An element
transition exists when the distance in the plane h.-hy of the element position & to the axis
origin corresponds to the radius of the rebar 7s.

gL ([h| = 13, t) = Igr2(Jh| = 13, 1) (6)

Grea (IRl =18, t) = GaeL2(|R| = 13, 0) (7)

The numerical model [49] is validated by means of measured core 9m and surface
temperatures Sw considered as Dirichlet boundary conditions. Figure 8 shows the strongly
nonlinear temperature drops after stripping from initially 40 °C (a) and 70° C (b) to room
temperature (20 °C). Besides the empirical measurement, results of prisms with fibres
(w/f.) and without fibres (w/o f.) are plotted along with the numerical results of the core
Inm and surface temperature Swm exemplary for T equals 1 and 4 h. As mentioned, the
prism without fibres for T = 1 h broke during stripping due to an insufficient early
strength. Hence, no temperature data are available.
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sz ‘9Il.|lll ‘9w1 Sn.w [OC] ‘9"1/ Sll,llll SWI Sll.\v [OC]
T =1k T =4h
40 70
Slad s
V [kg/m’] 0 V [kg/m’] 150 0
pc [kg/m3] 2453.1 - pe [kg/m3] 2558.6 2453.1
35 a [W/(m - K)] 27.0 a [W/(m-K)] 17.0 17.0
Ac [W/(m-K)] 3.0 Ac [W/m-K))| 3.0 3.0
Cp,C [J/K] 1200.0 50 Cp,C [J/K] 1200.0 1200.0
30
i el 5 Heat sensor
40 Ir
25
30 by
20 = c
0 (S
1:3 15 2.0 2.5 3.0 3:5:. 38 41 4.5 5.0 5.5 6.0 6.5 6.69
(a) t[h] (b) t[h]

l— Im®w/ £]---- 9y mB)w/ £.] — Sw(B)[w/ £]---- S w(®)[w/ £]— Sw(®)[w/0 £.]---- Opn w(t)[w/o ] ’

Figure 8. Comparison of measured core 9, and surface temperatures ¥9,, along with the numerical expectations of core
Yp,m and surface temperatures 9y, ,, of prisms for T=1h (a) and T =4 h (b), respectively.

To account for the numerical deviations of the temperatures, the heat transfer coeffi-
cient « is adjusted so that the relative deviation of the numerical core temperature 9nm and
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=% (2]

9m in the period fg is less than 1 °C. The period t; implies all start times to* of the prisms
with and without fibres as well as the beams depending on the rebar ratio p and is different
for each temperature duration T. It defines the time required to glue the markers for defor-
mation measurements and lasts up to 20 min. et is calculated with a coefficient of thermal
expansion ac =12 x 10-¢ m/K [37].

The heat capacity and thermal conductivity for the concrete elements EL: is set to cpc
=1200 J/K and Ac = 3 W/(mK) according to [37], which correspond approximately to the
thermal properties of already hardened concrete. The density of the prisms pc is measured
and listed with the thermal properties in Figure 8. The thermal properties of the reinforce-
ment elements (EL1) are set to As =50 W/(m K), ps = 7800 kg/m? und cp;s = 450 J/(kg K) for
reinforced steel acc. to [47].

The relative deviations between numerical approximation of 9nm and measured core
temperatures 9m are [-, 4.8, 0.9, 0.5, 0.7]% without fibres and [1.2, 1.6, 4.8, 0.1, 2.3]% with
fibres for T =[1, 2, 4, 6, 24] h during time period ts. The relative deviations between the
surface temperature 9nw and 9w from numerical simulation are [-, 3.1, 1.6, 2.0, 5.5] without
fibres and [0.5, 1.7, 4.5, 1.8, 1.5]% with fibres.

The temperature deviations remain below 1 °C for all temperature durations T, ex-
cept for T =24 h (without fibres) where the temperature deviation yields 1.2 °C.

It must be noted that the numerical solutions of temperature durations T # 1 h deviate
from the measured values at ¢ < t; (c.f. Figure 8b). This is attributed to measurement errors
caused by the small air pads between concrete surface and heat sensor (Figure 8b, detail).
Already small differences in the height of the sensors lead to large temperature deviations,
since the temperature of the resulting air layer is then measured instead of the surface
temperature.

However, the more relevant behaviour after cooling is not affected. Compared to the
time-dependent course of e according to Equation (3) for treatment times of 1 h (Figure
9a) and 6 h (Figure 9b) the shrinkage curves show two physical discrepancies. On the one
hand, the halved number of samples causes discontinuities at * = 28 d. This is illustrated
by the abrupt decrease or increase of ¢cs". On the other hand, a supposed swelling occurs
for prisms without fibres at T =1 h that is not physically justifiable. Furthermore, the influ-
ence of ¢, especially for the beams, leads to positive values of " at time +* = 0 d. The
reason for this is that the numerical model overestimates the average temperature in the
specimen. This holds especially true for the beams with a reinforcement ratio of 3.1% (Figure
9b).

Ak

—— V=0kg/m® p=0%

- V=150kg/m3 p=0%
——V = 150kg/m® p=1.8%
—— V= 150kg/m® p=3.1%| |

—— V=0kg/m® p=0%

—&— V =150kg/m® p=0%
——V =150kg/m® p=1.8%
——V =150kg/m® p=3.1%

0.1

—0.1

0.2
0.3
0 20 40 60 80 t*[d] o0 20 40 60 80 t*[d]
(@) T =1h (b) T =6h

Figure 9. Shrinkage strain e’ of prisms and beams for T=1h (a) and T=6 h (b).
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Shrinkage curve adjustments

Physically unreasonable curves are adjusted in two aspects: First, the values are har-
monised after 28 d; second, the origin is shifted.

To smoothen the discontinuities in the strain curves at t* =28 d caused by the halved
number of specimens, averaging is applied. The approach is schematically shown in Figure
10. In the upper part of Figure 10, the variables of the shrinkage strains of the first 28 days
are plotted. For each individual prism n the shrinkage strains ¢"vn are determined from an
interval At of approximately 1 d. This is done by the mean from m = 6 samples.

The lower part in Figure 10 shows the variables of the measured values after 28 days.
Specimens n = 4-6 have been extracted for strength evaluations and thus only samples
n =1-3 remain. Moreover, the time interval At of measurements is increased to 7 days.
Missing shrinkage strains (n = 4-6) are interpolated, assuming constant strain increases
Ae within each time increment i = At. The calculative shrinkage strains ¢'vn for n =46 are
estimated by adding average strains Aem;i of the samples n = 1-3 to the last measured
strains €2s4n". For the time increments i+1, the sum of all Aem, is taken. Thus, the averaged
total strain is calculated from three measured strains (n = 1-3) and three interpolated ones

(n =4-6).
e | n

n 1 2 3 4 5 6 |€5 = Lic€rm
toa | €oa1 | €0d2 | €0d3 | €oas | €oas | €ode €es,0d

At ~ 1d m==6
brsa | €a8d,1 | €28d,2 | €28d,3 | €28d4 | €285 | €28d,6 €cs,28d :
Froa | €20d,1 | €204,2 | €294,3 €s,29d '

At = 7d n. m. m'=3
* * ¥ % * '
tood |€90d,1 | €90d,2 | €90d,3 €s,90d :

1] 1
- 28d €284,1 €28d,2 €384,3 €28d,4 €28d,5 €846 | €cs28d |
1) ]
' | +A€; 4 ‘ ‘ +A€;» | ‘ +A€;3 ‘ +A€m,i ‘ +A€m i ’ +A€m i ‘
v by €294,1 €29d,2 €294,3 €229d4 = €sd4 T A€mi €cs20d !
1] ]
V| +i+1 | +A€iy1,1 ‘ ’ +A€i412 I | +A€is1,3 l | +A€m,i + A€m it ;
b Bea €36d,1 €36d,2 €36d,3 €a,36d,4 €a36d5 | €az6d6 | Ccsaed !
: 1
1] 1
; £ €, €} € € € € € :
: 90d 90d,1 90d,2 29d,3 2,90d,4 a90d5 | €a90d6 | €es90d i

Figure 10. Summary of the shrinkage measurement of ¢e" and the adjustment for ' > 28 d.

The adjustment scheme is controlled using the total strains of the beams, since the
shrinkage strains were measured up to 90 days for all 6 samples. Therefore, the strains
evas for t>28 d are set to zero and then interpolated. Figure 11 represents the time course
of the shrinkage strain of the beams with and without interpolation of the measured values
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s [T

n = 4-6. Shown are the interpolated (colours) and the measured shrinkage strains (grey,
dashed) for T=[0, 1, 2] h (a) and T = [4, 6, 24] h (b). Both curves do almost coincide.

The interpolated strains show maximum relative deviations of [0.7, -3.0, 3.4, -3.0, 1.2;
-3.2]% (p =1.8%) and [-1.8, 1.5, -1.6, -1.1, -1.3, 1.9]% (p = 3.1%) for T=[0, 1, 2, 4, 6, 24] h.
The results indicate that the shrinkage behaviour of the bars can be approximated even
with a reduced number of specimens. The same applies to the prisms.

Thus, the fitted values represent the true shrinkage behaviour more likely than the
discontinuous curves.
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Figure 11. Comparison of the interpolated (colours) and measured (grey, dashed) total strains of the beams for T=0, 1, 2
h (a) and T=4, 6,24 h (b).

-0.2

-0.4

A shift of the origin is applied to all shrinkage curves that do not start from zero
strain at time "= 0 d after calculated thermal shares are removed. This happens for beams
with p=3.1% and T=4 and 6 h.

Figure 12 shows the strain courses ec" for the different fibre and rebar amounts over
the next 90 days when the two adjustments are made (in red for T =1 (a) and in purple for
T =6 h (b)) relative to the originally determined values in grey. Discontinuities at " =28 d
have disappeared and now all curves start from zero. Thus, these two adjustments are
performed for all following analyses.

* mm * mm

ees ['m ] 0.4 eesl '
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Figure 12. Comparison of the adjusted and shifted (red, purple) as well as the measured shrinkage curves (grey) of prisms
and beams for T=1h (a) and T=6 h (b).
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Evaluation of shrinkage strains ecs’

Figure 13 shows the asymptotic courses of the shrinkage strains for prisms (top) and
beams (bottom) with time. The single curves represent the average values of the residual
strain e« at concrete ages t". They are plotted for prisms at T =[0, 1, 2] h (left) and T=[4,
6, 24] h (right) with and without steel fibres. The same is done for the beams (bottom) while
the geometric rebar ratio is kept constant at 1.8%. For all specimens—regardless of the
treatment time, the fibre amount or the rebar ratio —shrinkage rises after heat treatment.
However, it nearly converges after about 60 days. This is attributed to the latent-hydraulic
blast furnace slag contained in the binder, giving rise to a slower hydration of the concrete
[50]. &« results to 0.383 mm/m after 90 days for the reference prisms. Fibre addition
slightly lowers the strain to 0.364 mm/m due to stiffening through a higher Young’s mod-
ulus of FRC [13]. ecs" generally decreases from heating. Reductions amount to [5.7, 20.4,
45.9, 66.8]1% for T =[2, 4, 6, 24] h in case of no fibres due to accelerated hydration. Remem-
ber, that the strength tests in Section 3.3 revealed that hydration is almost completed after
T =24 h. This is also supported by a very low shrinkage rate of the prisms without fibres
(top, right). Due to the high degree of hydration, the residual shrinkage strains most likely
result from drying.

Heat treatment also reduces shrinkage of specimens with fibres (prisms), but to a
lower extent. Reductions amounts to [38.3, 36.7, 44.9]1% for T = [4, 6, 24] h. A treatment
time of T = 2 h has a negligible effect on the strains. It induces an increase of 5.3%. The
prisms with treatment time equal to T = 1 h show higher shrinkage of 14.4% (without
fibres) and 11.7% (with fibres) compared to the reference samples. These samples were
still very moist after heating. Hence, it seems reasonable that the additional shrinkage
results from drying. Comparing prisms with and without fibres and equal treatment times
the shrinkage strains decrease by [7.7, 35.5]% for T = [1, 4] h and increase by [5.9, 10.3,
36.71% for T = [2, 6, 24] h showing an unsystematic combined impact of fibres and heat
treatment.

On the one hand, steel fibres increase the stiffness and reduce the overall shrinkage
strain. Moreover, they reduce the activation energy of the concrete [34], so that the cement
hydrates quicker [51]. This lowers autogenous shrinkage, since larger portions of the
strain are anticipated already during heat treatment.

On the other hand, steel fibres can enhance drying shrinkage as pores are connected
and water permeability increases [17]. The increased porosity in the contact zone of cement
matrix and steel fibres [16] can even enhance this effect.

Beams without heat treatment exhibit significantly lower shrinkage strains of 0.27
mm/m (p = 1.8%), and 0.24 mm/m (p = 3.1%) compared to the fibre-reinforced prisms. The
longitudinal reinforcement acts as a “shrinkage brake” proportional to the additional stiff-
ness induced by rebar [52]. Heat treatment reduces shrinkage strains up to a factor of
about three, namely by [7.0, 33.8, 70.6]% for T =[1, 6, 24] h and p = 1.8%. For p = 3.1% this
effect is slightly reduced and amounts to [18.5, 29.1, 32.2, 65.5]% for T = [1, 4, 6, 24] h.
Shrinkage of beams with higher rebar ratios (p = 3.1%) is 6.7 to 40.6% smaller compared
to those with p = 1.8%. This holds true for T = [0, 1, 2, 4, 6] h. However, even slightly
inverse trends appear (T = [2, 4] h and p = 1.8% as well as T =2 h and p = 3.1%) what
underlines the inherent uncertainty caused by all measuring techniques and separating
temperature strains calculative.



Materials 2021, 14, 4102

16 of 21

e |

)

m Prisms

0.10

—--T=0&V=0-2-T=0&V =150
—--T=1&V=0-2-T=1&V =150
—-—T=2&V=0-8-T=2&V =150

0.10

0.00

+ | mm .
€cs [T] Prisms

—o—T=4&V=0-8-T=4&V =150
——T=6&V=0-2-T=6&V =150
——T=24&V=0-8-T=24&V =150

-0.10

-0.20 -0.20
-0.30 —-0.30
—0.40 —0.40
0 20 40 60 80 [d]
(c)
€s | e
0.10 [ Beams 0.10 [ Beams
-+-T=0&p=18-+-T=0&p=3.1 -4+-T=4&p=18 -+- T=4&p=31
-+-T=1&p=18-+-T=1&p =31 -+-T=6&p=18 -«-T=6&p=3.1
0.00 -+-T=2&p=18-«-T=2&p=31 000? ~+-T=24&p=18-+-T=24&p =31
‘&‘
o *t‘"""“"—*'—‘—t-‘-t'-'&-:.z-.-.-.t.-.1
-0.10 ['&s -0.10 § ‘g%
VA "o* M-:t-' e I
“k‘_-‘~_‘_~*--‘--‘ ‘ - *;_:’:_:_’;_:_*_._.&_:‘
~0.20 .‘%* e ST S SN ~0.20 &‘
::x:f"“‘f»’!"--A--A--A-. . \~'
"ty -'t.*_‘tj’_‘f:*’—"l-"fi:fz:: Moo, |
-0.30 B I ~0.30 *--0--0--4
—0.40 —0.40
0 20 40 60 80 +[d] 0 20 40 60 80 #[d]

(b) (d)

Figure 13. Results of the shrinkage strain ¢« as a function of the fibre amount V [kg/m?] for the prisms for T=0, 1, 2 (a)
and T =4, 6, 24 (b) or rebar ratio p [%] for the beams for T=0, 1, 2 (c) and T =4, 6, 24 (d).

3.3. Flexural and Compressive Strength

Flexural and compressive strength tests are performed on the prisms using standard
testing techniques (cf. Figure 14, right). The results are plotted in bar diagrams (cf. Figure
14, left) as functions of T and V and compared to reference samples with or without steel
fibres. Short-term tests are performed directly after heating (brown and grey bars). Refer-
ence tests are conducted after 28 days and the plotted initial heat treatment times (red and
blue bars). Compressive strengths are presented by means fem and scattering ranges in the
top diagram, flexural strength values fe.n according to the same scheme but in the bottom
diagram.

The reference specimen without heat treatment exhibits a mean compressive strength
fem284 Of 103.5 MPa. Additional steel fibres increase the strength by 22.1% to 126.3 MPa.
The increase is mostly attributed to prevented lateral expansion by the fibres [53]. Generally,
heat treatment reduces strength. fom2s1 decreases by [44.3, 19.3, 15.5, 14.9, 8.6]% for T =1,
2, 4, 6, 24] h with no fibres. Obviously, the loss turns out less pronounced with increasing
treatment time T. Especially, the steep rates Ra > 20 K/h in the first two hours of heating
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induce internal stresses in the cement matrix that provoke structural damage. With increas-
ing T, temperature gradients and thus the stresses reduce. This promotes also the formation
of further hydration products that bridge microcracks [4].

Fibres help to reduce damage induced by heating. They bridge microcracks [31]. The
samples also exhibit lower compressive strengths, but less distinct. The decrease yields
[34.1,8.0, 5.4, 5.4]% for T=[1, 2, 4, 6] h. For T =24 h the compressive strength is almost the
same in the reference sample.

The standard deviation of the compressive strength lies between 5.0 and 7.8 MPa (no
fibres) —so slightly above the expectation for laboratory concrete [54] —and decreases to
1.5 to 5.2 MP%a, if fibres are added. The scatter generally seems independent of the heat
treatment time T. As for the strength, fibres are proven to reduce scatter and homogenise
the inner strength state by bridging cracks [31].

Reasonable compressive strength develops after about 2 h of heating (Figure 14, grey
and brown columns). It amounts to famod = [14.2, 53.7, 76.8, 90.3] MPa for T=2, 4, 6, 24]1 h
in case of pure HPC and [29.5, 87.5, 93.8, 116.0] MPa if fibres are added. One-day long heat
treatment (24 h) almost completes hydration and hardening. Only 4.7 and 8.6%, respec-
tively, of the long-term strength after 28 days is missing after 24 h.

The reference value of the flexural strength fef,284 yields 10.9 MPa after 28 d. It holds
true for pure HPC without heating. Heat treatment reduces this strength by [16.4, 16.8,
9.7,9.71% to [9.1, 9.1, 9.9, 9.9] MPa for T =1, 2, 4, 6] h. On the contrary, 24 h heating gives
rise to keep the strength almost constant (+2.7%).

Steel fibres significantly increase the flexural strength by activating the pull-out re-
sistance [55]. This holds true for all heating regimes and time stages investigated. The spe-
cific HPC with particle sizes down to nano-scale provides the necessary adhesion to the
smooth steel surfaces [37]. The reference sample achieves fan24 = 16.0 MPa, what exceeds
the value of the pure HPC by 46.9%.

Heat treatment just reduces the flexural strength on the short run for T=1 h (10.7
MPa). In any other situation (T > 1 h), strength is enhanced up to 22.1% for T =24 h.

The standard deviation of the flexural strength with fibres is [3.9, 1.2, 1.1, 1.7, 1.8, 2.1]
MPa for T=10, 1, 2, 4, 6, 24] h and lies above the strengths for prisms without fibres. This
is mainly due to the scattered distribution and orientation of fibres [32,33,56] that is sub-
jected to wall effects from the pouring process [57]. As the ratio of the cross-sectional width
(40 mm) to the fibre length (13 mm) is small, fibres clearly orientate along the longitudinal
prism axis and do not distribute isotropic.

In general, an addition of steel fibres is recommended for short-term heat treatments
without consideration of prescribed heating rates and pre-storage times. That way a large
share of the strength losses is compensated. Moreover, stripping of formwork might start
early after T>2 h; then sufficient short-term strength has already developed. The standard
deviation of the flexural strength slightly increases by an addition of steel fibres.
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Figure 14. Compressive- (a) and flexural strengths (b) of the prisms at = 28 d (reference, red and blue columns) and
directly after the heat treatment (brown and grey columns).

4. Conclusions

The influence of rapid heat treatment of 80 °C on the shrinkage behaviour and
strength of HPC is investigated. The experimental investigations cover different treatment
times between 0-24 h as well as the steel fibre amounts and rebar ratios. The main findings
are as follows:

e  With increasing treatment time T, the shrinkage strains decrease. For T = 24 h it is
reduced to 66.8% (no fibres) or 44.9% (fibres) compared to the reference samples
without heat treatment (0.383 mm/m without steel fibres and 0.364 mm/m with steel
fibres for T =0 h).

e  Short treatment times of T=1 to 2 h have no beneficial or even slightly negative effects
on shrinkage strains. Heat treatment durations greater than 2 h must be selected to
improve the shrinkage behaviour.

e  For T=4and 6 h, the residual shrinkage strains can be reduced up to 0.176 mm/m for
prisms and 0.09 mm/m for beams what corresponds to 45.9% and 33.8% compared to
the reference samples without heat treatment. However, the investigations show
high scatter for different treatment times and specimen types.
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e  Rebar serves as a “shrinkage brake”. Reinforcing bars reduce shrinkage proportional
to its longitudinal stiffness.

e  The compressive strength of the prisms decreases up to 44% for T =1 h. To prevent
losses of compressive strength due to structural damage, tempering of T > 2 h is rec-
ommended.

e  An addition of steel fibres significantly increases the compressive strength as well as
the flexural strength, as fibres prevent structural damage in the matrix induced by
internal stresses.

e  For practical application, the use of steel fibres and reinforcement is recommended
to improve the shrinkage behaviour.

e  For practical applications it is recommended to use tempering at around 80 °C with
durations greater than 2 h. Durations of 2 to about 6 h are most effective. Durations
exceeding 24 h are not recommended, as the beneficial effect on shrinkage more and
more decreases over time and then reaches a plateau. Micro steel fibres should be
added to preserve the bearing abilities of the HPC that otherwise noticeably decreases
by temperature induced constraints.

Author Contributions: Conceptualization, J.S., P.F. and P.M.; methodology, ].S.; validation, ].S.; formal
analysis, ].S.; investigation, ].S.; data curation, ].S.; writing—original draft preparation, J.S. and P.F.;
writing—review and editing, P.F. and P.M.; visualization, ].S.; supervision, P.M.; project administra-
tion, P.F. and P.M.; funding acquisition, P.M. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors thank the German Research Foundation (DFG) for its financial support of the
project with the grant number 423942391 within the framework of the priority program SPP 2187.
Sincere thanks go to Thomas Deuse (Dyckerhoff GmbH) for providing the binder Nanodur® Com-
pound 5941.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Smarslik, M.; Mark, P. Hybrid reinforcement design of longitudinal joints for segmental concrete linings. Struct. Concr. 2019, 20,
1926-1940, doi:10.1002/suc0.201900081.

2. Gaganelis, G.; Mark, P. Downsizing weight while upsizing efficiency: An experimental approach to develop optimized ultra-light
UHPC hybrid beams. Struct. Concr. 2019, 20, 1883-1895, doi:10.1002/suco0.201900215.

3.  Forman, P.; Gaganelis, G.; Mark, P. Optimization-based design. Bautechnik 2020, 97, 697-707, doi:10.1002/bate.202000054.

4. Abbas, S.; Nehdi, M.L.; Saleem, M.A. Ultra-High Performance Concrete: Mechanical Performance, Durability, Sustainability
and Implementation Challenges. Int. J. Concr. Struct. Mater. 2016, 10, 271-295, doi:10.1007/s40069-016-0157-4.

5. Mark, P; Lanza, G; Lordick, D.; Albers, A.; Konig, M.; Borrmann, A.; Stempniewski, L.; Forman, P.; Frey, AM.; Renz, R; et al.
Industrializing precast productions. Civil. Eng. Des. 2021, doi:10.1002/cend.202100019.

6. Frey, AM,; Stindt, J.; Lanza, G.; Mark, P. Geometric evaluation and optimization of module arrangement in load bearing struc-
tures—towards adaptive manufacturing in civil engineering. Bautechnik 2021, doi:10.1002/bate.202100027.

7. Griibl, P.; Weigler, H.; Karl, S. Beton: Arten, Herstellung und Eigenschaften, 2nd ed.; Ernst & Sohn: Berlin, Germany, 2001; ISBN
9783433013403.

8. Holschemacher, K.; Dehn, F.; Miiller, T.; Lobisch, F. Grundlagen des Faserbetons. In Beton-Kalender 2017: Schwerpunkte:
Spannbeton, Spezialbetone; Bergmeister, K., Fingerloos, F., Worner, J.-D., Eds.; Ernst Sohn: Berlin, Germany, 2017; pp 381-472.
ISBN 9783433031230.

9. Li, Q; Zhang, Q. Experimental study on the compressive strength and shrinkage of concrete containing fly ash and ground
granulated blast-furnace slag. Struct. Concr. 2019, 20, 1551-1560, doi:10.1002/suco.201800295.

10. Gowripalan, N. Autogenous Shrinkage of Concrete at Early Ages. In Proceedings of the 25th Australasian Conference on Mechan-
ics of Structures and Materials, Brisbane, Australia, December 2018; Wang, C.M., Ho, J].C.M,, Kitipornchai, S., Eds.; Springer:
Singapore, 2020; pp. 269-276.

11. Zhang, M.H.; Tam, C.T.; Leow, M.P. Effect of water-to-cementitious materials ratio and silica fume on the autogenous shrinkage

of concrete. Cem. Concr. Res. 2003, 33, 1687-1694, doi:10.1016/S0008-8846(03)00149-2.



Materials 2021, 14, 4102 20 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jiang, C.; Yang, Y.; Wang, Y.; Zhou, Y.; Ma, C. Autogenous shrinkage of high performance concrete containing mineral admixtures
under different curing temperatures. Constr. Build. Mater. 2014, 61, 260-269, doi:10.1016/j.conbuildmat.2014.03.023.

Wu, L.; Farzadnia, N.; Shi, C.; Zhang, Z.; Wang, H. Autogenous shrinkage of high performance concrete: A review. Constr. Build.
Mater. 2017, 149, 62-75, d0i:10.1016/j.conbuildmat.2017.05.064.

Lee, KM,; Lee, HK,; Lee, S.H.; Kim, G.Y. Autogenous shrinkage of concrete containing granulated blast-furnace slag. Cem.
Concr. Res. 2006, 36, 1279-1285, doi:10.1016/j.cemconres.2006.01.005.

Fang, C; Ali, M,; Xie, T.; Visintin, P.; Sheikh, A.H. The influence of steel fibre properties on the shrinkage of ultra-high performance
fibre reinforced concrete. Constr. Build. Mater. 2020, 242, 117993, doi:10.1016/j.conbuildmat.2019.117993.

Zacharda, V.; Némecek, J.; Stemberk, P. Micromechanical performance of interfacial transition zone in fiber-reinforced cement
matrix. IOP Conf. Ser. Mater. Sci. Eng. 2017, 246, 12018, doi:10.1088/1757-899X/246/1/012018.

Saje, D.; Bandelj, B.; Sustersic, J.; Lopatic, J.; Saje, F. Autogenous and Drying Shrinkage of Fibre Reinforced High-Performance
Concrete. ACT 2012, 10, 59-73, d0i:10.3151/jact.10.59.

Han, S.; Cui, Y.; Huang, H.; An, M,; Yu, Z. Effect of Curing Conditions on the Shrinkage of Ultra High-Performance Fiber-
Reinforced Concrete. Adv. Civ. Eng. 2018, 2018, 1-8, d0i:10.1155/2018/5238278.

Pietro, L.; van Klaas, B.; Ippei, M. Effect of curing temperature and type of cement on early-age shrinkage of high-performance
concrete. Cem. Concr. Res. 2001, 1867-1872.

Selleng, C.; Meng, B.; Groger, K.; Fontana, P. Influencing factors for the effectivity of heat treatment of ultrahigh performance
concrete (UHPC). Beton und Stahlbetonbau 2017, 112, 12-21, doi:10.1002/best.201600059.

Sylla, H.-M. Reaktionen im Zementstein durch Warmebehandlung. Beton 1988, 11, 449-465.

Kang, S.-H.; Lee, J.-H.; Hong, S.-G.; Moon, ]J. Microstructural Investigation of Heat-Treated Ultra-High Performance Concrete
for Optimum Production. Materials 2017, 10, 1106 doi:10.3390/ma10091106.

Schultz-Cornelius, M.; Pahn, M. Influence of moisture on tensile and flexural tensile strength of UHPC. Beton und Stahlbetonbau
2020, 115, 731-739, doi:10.1002/best.201900106.

Wischers, G. Merkblatt fiir die Herstellung geschlossener Betonoberflédchen bei einer Warmebehandlung. Beton 1967, 4, 142-160.
Deutscher Ausschuss fiir Stahlbeton. Wirmebehandlung von Beton; Beuth Verlag: Berlin, Germany, 2012.

Pavoine, A.; Divet, L.; Fenouillet, S. A concrete performance test for delayed ettringite formation: Part I optimisation. Cem.
Concr. Res. 2006, 36, 2138-2143, doi:10.1016/j.cemconres.2006.09.009.

ACI Committee 517. Accelerated Curing of Concrete at Atmospheric Pressure State of the Art; ACI (American Concrete Institute): Farm-
ington Hills, MI, USA, 1980; (ACI 517.2R-80).

Beverly, P. Fib Model Code for Concrete Structures 2010; Ernst & Sohn: Berlin, Germany, 2013; ISBN 9783433030615.

Deutscher Ausschuss fiir Stahlbeton. Sachstandbericht Ultrahochfester Beton, Heft 561; Beuth Verlag: Berlin, Germany, 2008.
Rhau, M.; Schnellenbach-Held, M.; Welsch, T. Influence of Thermal Treatment on the Strength of Fine-Grained Ultra-High Perfor-
mance Concrete (UHPC/RPC). Beton und Stahlbetonbau 2018, 113, 535-542, d0i:10.1002/best.201800006.

Miiller, C. Influence of steel fibers on the stress strain relationship of concrete under compression. Beton und Stahlbetonbau 2017,
112, 228-237, d0i:10.1002/best.201600069.

Zirgulis, G.; Svec, O.; Sarmiento, E.V.; Geiker, M.R.; Cwirzen, A.; Kanstad, T. Importance of quantification of steel fibre orientation
for residual flexural tensile strength in FRC. Mater. Struct. 2016, 49, 3861-3877, doi:10.1617/s11527-015-0759-3.

Barnett, S.J.; Lataste, ].-F.; Parry, T.; Millard, S.G.; Soutsos, M.N. Assessment of fibre orientation in ultra high performance fibre
reinforced concrete and its effect on flexural strength. Mater. Struct. 2010, 43, 1009-1023, doi:10.1617/s11527-009-9562-3.
Kamkar, S.; Eren, O. Evaluation of maturity method for steel fiber reinforced concrete. KSCE |. Civ Eng 2018, 22, 213-221,
doi:10.1007/s12205-017-1761-9.

Stengel, T. Fibre reinforced ultra high-performance concrete—From single fibre bond behavior to fibre composite performance.
Beton und Stahlbetonbau 2017, 112, 795-803, d0i:10.1002/best.201700071.

Look, K.; Heek, P.; Mark, P. Practical calculation, design and optimization of steel fibre reinforced concrete structures. Beton und
Stahlbetonbau 2019, 114, 296-306, doi:10.1002/best.201800097.

Sagmeister, B. Maschinenteile aus Zementgebundenem Beton, 1st ed.; Beuth Verlag GmbH: Berlin, Germany, 2017; ISBN 978-3-410-
27186-4.

TESTING Bluhm & Feuerherdt GmbH. Bedienungsanleitung: Setzdehnungsmesser-Bauart PFENDER, 2008. Available online:
https://testing.de/sites/default/files/productpdf_original/10.1305-betriebsanleitung-1-bam-setzdehnungsmesser-v4-de.pdf ~ (ac-
cessed on 23 June 2021).

Deutsches Institut fiir Normung e.V. Priifung von Festbeton— Teil 5: Biegezugfestigkeit von Probekdrpern; Beuth Verlag GmbH: Berlin,
Germany, 2019; 91.100.30 (12390-5:2019).

Deutsches Institut fiir Normung e.V. Priifung von Festbeton— Teil 3: Druckfestigkeit von Probekdrpern; Beuth Verlag GmbH: Berlin,
Germany, 2019; 91.100.30 (12390-3:2019).

Spille, J.; Zehfuf3, J. New approach on thermal conductivity of concrete in case of fire. Bautechnik 2019, 96, 450-458,
doi:10.1002/bate.201900021.

Bouziadi, F.; Boulekbache, B.; Haddi, A.; Djelal, C.; Hamrat, M. Numerical analysis of shrinkage of steel fiber reinforced high-
strength concrete subjected to thermal loading. Constr. Build. Mater. 2018, 181, 381-393, d0i:10.1016/j.conbuildmat.2018.06.054.
Fessel, D.; Simon, P.; Guder, T.; Dehn, F. Thermal conductivity of steel fibre reinforced — A theoretical view. Beton und Stahlbetonbau
2016, 111, 546-554, doi:10.1002/best.201600034.



Materials 2021, 14, 4102 21 of 21

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Heek, P.; Tkocz, J.; Mark, P. A thermo-mechanical model for SERC beams or slabs at elevated temperatures. Mater. Struct. 2018,
51, doi:10.1617/s11527-018-1218-8.

Lu, T,; Li, Z.; van Breugel, K. Modelling of autogenous shrinkage of hardening cement paste. Constr. Build. Mater. 2020, 264,
120708, doi:10.1016/j.conbuildmat.2020.120708.

Jensen, O.M.; Hansen, P.F. Autogenous deformation and RH-change in perspective. Cem. Concr. Res. 2001, 31, 1859-1865,
doi:10.1016/S0008-8846(01)00501-4.

Sanio, D.; Mark, P.; Ahrens, M.A. Computation of temperature fields on bridges—Implementation by means of spread-sheets.
Beton- und Stahlbetonbau 2017, 112, 85-95, d0i:10.1002/best.201600068.

Madenci, E.; Guven, 1. The Finite Element Method and Applications in Engineering Using ANSYS®; Springer US: Boston, MA, USA,
2015; ISBN 978-1-4899-7549-2.

Stindt, J.; Forman, P.; Mark, P. Experiments on shrinkage reduction of high-performance concrete components by heat treatment.
Beton- und Stahlbetonbau 2021, 116, 594-606, doi:10.1002/best.202100028.

Matthes, W.; Vollpracht, A.; Villagran, Y.; Kamali-Bernard, S.; Hooton, D.; Gruyaert, E.; Soutsos, M.; Belie, N. de. Ground Gran-
ulated Blast-Furnace Slag. In Properties of Fresh and Hardened Concrete Containing Supplementary Cementitious Materials; Belie, N.
de, Soutsos, M., Gruyaert, E., Eds.; Springer International Publishing: Basel, Switzerland, 2018; pp. 1-53. ISBN 978-3-319-70605-4.
Thomas, A. Ein Modell zur Beschreibung der Hydratation von Beton in Abhingigkeit vom Feuchtegehalt. Dissertation; Technischen
Universitdt Darmstadt: Darmstadt, Germany, 2006.

Rohling, S.; Meichsner, H. Rissbildungen im Stahlbetonbau: Ursachen— Auswirkungen—Mafinahmen; Fraunhofer IRB Verlag:
Stuttgart: Stuttgart, Germany, 2018; ISBN 978-3-8167-9645-9.

Ding, Y., Kusterle, W. Eigenschaften von jungem Faserbeton. Beton und Stahlbetonbau 1999, 94, 362-368,
do0i:10.1002/best.199901310.

Lanwer, J.-P.; Javidmehr, S.; Empelmann, M. Statistical evaluation of compressive strength of ultra-high strength concrete. Beton
und Stahlbetonbau 2021, 116, 431-440, doi:10.1002/best.202000103.

Igbal, S.; Alj, I; Room, S.; Khan, S.A.; Ali, A. Enhanced mechanical properties of fiber reinforced concrete using closed steel
fibers. Mater. Struct. 2019, 52, d0i:10.1617/s11527-019-1357-6.

Doyon-Barbant, J.; Charron, ].-P. Impact of fibre orientation on tensile, bending and shear behaviors of a steel fibre reinforced
concrete. Mater. Struct. 2018, 51, doi:10.1617/s11527-018-1282-0.

Hadl, P.; Groger, J.; Nguyen, V.T. Experimental investigations on the scattering in the post cracking tensile behaviour of steel
fibre reinforced concrete. Bautechnik 2015, 92, 385-393.



